Calcium/calmodulin-dependent kinases play vital roles in protein phosphorylation in eukaryotes, yet little is known about the phosphorylation process of calcium/calmodulin-dependent protein kinase and its role in stress signal transduction in plants. A novel plant-specific calcium-dependent calmodulin-binding receptor-like kinase (GsCBRLK) has been isolated from Glycine soja. A subcellular localization study using GFP fusion protein indicated that GsCBRLK is localized in the plasma membrane. Binding assays demonstrated that calmodulin binds to GsCBRLK with an affinity of 25.9 nM in a calcium-dependent manner and the binding motif lies between amino acids 147 to169 within subdomain II of the kinase domain. GsCBRLK undergoes autophosphorylation and Myelin Basis Protein phosphorylation in the presence of calcium. It was also found that calcium/calmodulin positively regulates GsCBRLK kinase activity through direct interaction between the calmodulin-binding domain and calmodulin. So, it is likely that GsCBRLK responds to an environmental stimulus in two ways: by increasing the protein expression level and by regulating its kinase activity through the calcium/calmodulin complex. Furthermore, cold, salinity, drought, and ABA stress induce GsCBRLK gene transcripts. Over-expression of GsCBRLK in transgenic Arabidopsis resulted in enhanced plant tolerance to high salinity and ABA and increased the expression pattern of a number of stress gene markers in response to ABA and high salt. These results identify GsCBRLK as a molecular link between the stress-and ABA-induced calcium/calmodulin signal and gene expression in plant cells.
Introduction
Plants are continuously exposed to unfavourable environmental stimuli, such as salinity, drought, low-temperature, heat, pests, disease, and wounding stress. They have evolved complex systems of signal perception and transduction in order to respond to these adverse environmental changes (Casal, 2002; Zhou et al., 2009) . Calcium (Ca 2+ ), as the most ubiquitous second messenger in plants, functions as a mediator of various biotic and abiotic stresses in the signal transduction pathway. These stimuli trigger rapid changes in the concentration of cytoplasmic free calcium ions ([Ca 2+ ] cyt ), which is one of the earliest cellular responses to external stimuli (Blume et al., 2000; Snedden and Fromm, 2001; Yang and Poovaiah, 2003; Bouché et al., 2005; McCormack et al., 2005) . Oscillations of [Ca 2+ ] cyt initiate cellular responses by activating several Ca 2+ sensors, such as calmodulin (CaM), Ca 2+ -dependent protein kinases (CDPKs), calcineurin B-like protein (CBL), or other Ca 2+ -binding proteins (Reddy, 2001; Hu et al., 2007; Shao et al., 2008) .
CaM, one of the most well characterized Ca 2+ receptors, can couple free Ca 2+ and undergo a conformational change. The activated Ca 2+ -CaM complex subsequently modulates the activity of multiple downstream target proteins via direct interaction (David and Anthony, 2000; Yang and Poovaiah, 2003; Popescu et al., 2007) , resulting in downstream physiological responses. Therefore, investigating the activities and expression patterns of calmodulin binding proteins (CaMBPs) is crucial to interpret how Ca 2+ signals are transmitted downstream to trigger various cellular responses (Kim et al., 2009) . In plant cells, calcium signal-related protein kinases are a class of CaMBPs that are classified into two major categories. The first category is Ca 2+ -dependent protein kinases (CDPKs) whose activity stimulated by Ca 2+ (Harmon et al., 2000; Hrabak et al., 2003; Harper et al., 2004) . CDPKs contain a kinase domain and a Ca 2+ -binding domain bearing four EF-hands. The other category is designated calcium/calmodulin-dependent protein kinases (CaMKs), which differ from CDPK in several aspects (Watillon et al., 1992; Lu et al., 1996; Wang et al., 2001 Wang et al., , 2004 Zhang et al., 2002; Hua et al., 2003 Hua et al., , 2004 Zhang and Lu, 2003) . Since the first plant CaMK isolated from apple (Watillon et al., 1992) , various CaMKs discovered since then have indicated function in amplifying and diversifying Ca 2+ /CaM-mediated intracellular signals, and in triggering a broad range of physiological processes (Pandey and Sopory, 2001; Zhang et al., 2002; Hua et al., 2004; Levy et al., 2004; Sathyanarayanan and Poovaiah, 2004; Tirichine et al., 2006; Jeong et al., 2007; Liu et al., 2008) . However, despite progress in this field, the biochemical and physiological functions of most plant CaMKs are still poorly characterized and the effects of over-expressing CaMKs on plant stress tolerance are yet to be defined.
Glycine soja (50109) is a species that is highly tolerant to salt, where seeds can tolerate up to 0.9% salt during the germination stage (Ji et al., 2006) . Thus, it is an ideal candidate plant for isolating salt-tolerance-related genes and for elucidating the stress-signalling network. In this study, an up-regulated expressed sequence tag (EST) was identified from previous gene expression data in Glycine soja (50109) and the full-length sequence was obtained using rapid amplification of 5# cDNA ends (5#-RACE). This gene is reported as being a putative novel calmodulin-binding membrane receptor-like protein kinase (GsCBRLK) whose activity was up-regulated in a calcium-dependent manner. The subdomain II within the kinase domain can interact with CaM. The subcellular localization and expression patterns of GsCBRLK under cold, salt, ABA, and PEG treatments were also characterized. Furthermore, it was found that heterogonous over-expression of GsCBRLK in Arabidopsis resulted in enhanced plant tolerance to salt and ABA stress.
Materials and methods
Plant material, growth conditions and stress treatments Seeds of Glycine soja (50109) were obtained from the Jilin Academy of Agricultural Sciences (Changchun, China). For gene expression analyses, seedlings of G. soja 50109 were prepared as described by Ji et al. (2006) and stress treatments were performed as follows. For cold stress, plants were incubated at 4°C. 200 mM NaCl was applied for salt treatment. 100 lM ABA ((6)-cis,trans-ABA, Sigma) and 30% (W/V) PEG 6000 were used for ABA and PEG stress, respectively. Equal amounts of leaves and roots were sampled at 0.5, 1, 3, and 6 h time points, respectively.
Wild-type (WT) Arabidopsis thaliana (Columbia ecotype, from Northeast Agricultural University, Harbin, China) plants used for transformation were grown in a greenhouse under controlled environmental conditions (21-23°C, 100 lmol photons m À2 s À1 , 60% relative humidity, 16/8 h light/dark cycles). For the abiotic stress-responsive marker genes analysis, seeds from WT and GsCBRLK over-expressor lines were sown on filter paper (Whatman 3MM) saturated with 0.53 MS solution. After 21 d of growth, seedlings were saturated with water (control), ABA (100 lM) or NaCl (200 mM), respectively, at the indicated time.
Isolation of the Glycine soja osmotic stress-related-kinase gene G. soja ESTs were downloaded from dbEST database (http:// www.ncbi.nlm.nih.gov/dbEST/index.html), and the expression patterns of ESTs under drought, salinity, and cold stress were inferred from Glycine soja gene expression profiles established in our laboratory (W Ji et al. unpublished results) . The ESTs annotated as putative kinases up-regulated after more than one stress treatment were selected. One EST (BG044348) was highly expressed 1 h after a 200 mM NaCl treatment, and verified in G. soja (50109) using the following gene-specific primers: EST-UP (5#-ATCCGAGACT-GAGGAGAAATC-3#) and EST-DOWN (5#-ATGAACATAATA-CACAAACAATATC-3#).
The full-length GsCBRLK gene sequence was retrieved using the rapid amplification of cDNA ends (RACE) method (Clontech, Palo Alto, CA, USA). Briefly, total RNA was isolated from whole seedlings of G. soja (50109) with Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions, and doublestranded cDNAs were prepared using a SMART cDNA synthesis kit (Clontech, Palo Alto, CA, USA). The 5# end of the GsCBRLK was obtained using nested gene-specific primers described as follows:
GSP1-151 (5#-ACCATCTCTTTGAGGAAAATCTG-3#), GSP1-83 (5#-TACGGATCTCCCACAGAACCTC-3#), GSP1-26 (5#-CTGGTGCAAGGCATTGGAAAG-3#), GSP2-231 (5#-AACAATAATCTTTTCATGTCCATGCTC-3#), GSP2-181 (5#-GGTTAATGTGCTCAATTTTCGACAAG-3#), GSP2-114 (5#-TAAATCCTTCTTGGCACGCTCTAC-3#), and 5# anchored primers: LD (5#-AAGCAGTGGTATCAACGCA-GAGT-3#), SP(5#-GGCCATTACGGCCGGG-3#).
The PCR products were cloned into the pGEM-T cloning vector (Promega, Madison, WI) and subjected to sequencing.
Semi-quantitative RT-PCR assay
Total RNA was extracted using RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA), and then the first-strand cDNA was synthesized from 1 lg of total RNA using the Superscript III Kit (Invitrogen, Carlsbad, CA, USA) with the oligo d(T) 18 reverse primer according to the manufacturer's instructions.
Semi-quantitative RT-PCR was carried out with 0.5 to 2 ll of cDNA in a 25 ll reaction volume. The PCR conditions for amplification of GsCBRLK were as follows: 7 min at 94°C (an initial hot start), followed by 28 cycles of 20 s at 94°C, 20 s at 60°C, 15 s at 72°C. The same conditions were used in the amplification of actin of wild soybean, except that the number of PCR cycles was decreased to 25. The amplification profile of abiotic stress-responsive marker genes and act2 was 7 min at 94°C (an initial hot start), followed by 29 cycles (for marker genes), or 25 cycles (for act2) comprised of 20 s at 94°C, 20 s at 60°C, 20 s at 72°C, and a final extension for 10 min at 72°C. The primer pairs used in the RT-PCR are presented in Table 1 . The PCR products were examined by electrophoresis on a 2% agarose gel. The experiment was repeated three times, and the relative densitometric ratio was analysed by the ImageJ program (http:// rsbweb.nih.gov/ij/).
Conjugation of CaM to horseradish peroxidase (HRP)
The Open Reading Frame (ORF) of GsCaM (GenBankä accession no.DT083281) (Ji et al., 2006) was cloned into the pET32b expression vector with the primer pair (5#-AAAGGTACCATGG-CCGACCAGC-3# and 5#-CTCGTCGACCTTGGCCATCAT-G-3#). The construct was introduced into E. coli strain BL21(DE3) pLysS. The HIS 6 -fused GsCaM was purified by the ProBond Purification System (Invitrogen) according to manufacturer's instructions. The purified recombinant protein was conjugated to a maleimide-activated HRP using the EZ-Link maleimide-activated HRP conjugation kit (Pierce, Tattenhall, Cheshire, U.K.) as described previously by Lee et al. (1999) .
Expression of full-length and truncated GsCBRLK fusion proteins in E. coli In order to map the calmodulin-binding domain(CaMBD), the full-length GsCBRLK and three truncated forms [GK1 (GsCBRLK1 partial 1), GK2 and GK3] of GsCBRLK were amplified using the following primers pairs: (5#-AAAGGTAC-CATGAAGAAAACACCAGCCC-3#) and (5#-AAACGGGATC-CCTAAGCTTTTTGTAAGGTCGGAG-3#) for GsCBRLK; (5#-GCCGGTACCATGAAGAAAACACCAG-3#) and (5#-AAA-GTCGACCACTGTTCCAAACGCAC-3#) for GK1 (amino acids 1-146), which contains the N-terminus of GsCBRLK, but lacks the tentative CaMBD; (5#-GCCGGTACCATGAAGAAAACACCA-G-3#) and (5#CCCGTCGACATTGTTTGGTAAATCC-3#) for GK2 (amino acids 1-169), which contains the N-terminus of GsCBRLK including the tentative CaMBD; (5#-CCCGGTACCA-ACTTAGCTGAGTTCAAG-3#) and, (5#-CCCGTCGACAGCA-GATACAAATTTATAG-3#) for GK3 (amino acids 170-453) that contains the C-terminus of GsCBRLK without the tentative CaMBD. The PCR products were digested with KpnI and SalI and cloned downstream of the HIS 6 tag, into the pET-32b expression vector (Novagen). The constructs were then transformed into E. coli strain BL21(DE3) pLysS and fusion proteins were induced by 1 mM isopropyl 1-thio-b-D-galactopyranoside (IPTG) for 6 h at 20°C for the CaM-binding assay.
CaM-binding assay
The recombinant proteins separated on 12% SDS-polyacrylamide gels were electro-transferred onto a nitrocellulose membrane (Millipore), which was then incubated in 5% (W/V) non-fat dry milk/PBS at 4°C overnight to block the non-specific proteinbinding sites. After washing with PBS-T (PBS containing 0.1% (v/ v) Tween-20) three times for 15 min each wash, GsCaM::HRP was added at a final concentration of 0.2 lg ml À1 in the presence of 1 mM CaCl 2 or 5 mM EGTA (for determination of Ca 2+ -independent binding of CaM, 5 mM EGTA substituted for the 1 mM CaCl 2 ), and incubated 3 h at room temperature. Subsequently, the membrane was washed with PBS-T five times, and the proteins bound to GsCaM::HRP were visualized by developing with 4-chloro-1-naphthol (4-CN) and H 2 O 2 .
Yeast two-hybrid analysis The full-length GsCBRLK, three truncated forms (GK1, GK2, and GK3) of GsCBRLK described above, and GsCaM were amplified using the primer pairs as follows, GsCBRLK (5#-CTTGAATTCA-TGAAGAAAACACCAGC-3#) and (5#-GGTGTCGACTTAAGC-AGATACAAATTTATAG-3#); GK1 (5#-GCCGAATTCATGAA-GAAAACACCAG-3#) and (5#-AAAGTCGACCACTGTTCCAA-ACGCAC-3#); GK2 (5#-GCCGAATTCATGAAGAAAACAC-CAG-3#) and (5'-CCCGTCGACATTGTTTGGTAAATCC-3#); GK3 (5#-CCCGAATTCAACTTAGCTGAGTTCAAG-3#) and (5#-CCCGTCGACAGCAGATACAAATTTATAG-3#); GsCaM (5#-GCTCATATGGCCGACCAGCTCAC-3#) and (5#-GAAGGA-TCCTCACTTGGCCATCATG-3#). GsCBRLK, GK1, GK2, and GK3 were ligated with EcoRI/SalI-digested pGBKT7 (Clontech), respectively, and GsCaM was ligated with NdeI/BamHI-digested pGADT7 (Clontech). These constructs (pGBKT7-GsCBRLK/GK1/ GK2/GK3 and pGADT7-GsCaM) were introduced into the yeast strain Y187 (Clontech) using the lithium acetate method, and the PCR-positive transformants were streaked on selective medium lacking Trp and Leu. The activity of b-galactosidase was monitored using the substrate 5-bromo-4-chloro-b-D-galactoside (X-Gal) in a colony-lift filter assay (Schneider et al., 1996) .
Gel mobility shift assay A peptide corresponding to the CaM-binding site of GsCBRLK was used in the gel mobility shift assay. Purified GsCaM was incubated with increasing concentrations of the peptide (molar ratio: 0, 0.25, 0.5, 0.75, 1.0, and 1.5) in 100 mM TRIS-HCl, pH 7.2, and either 0.1 mM CaCl 2 or 2 mM EGTA in a total volume of 30 ll at room temperature for 1 h, and then were analysed by nondenaturing PAGE as described by Arazi et al. (1995) .
Phosphodiesterase competition assay
Cyclic nucleotide phosphodiesterase (PDE, Sigma) assays were performed as described by Zhang et al. (1994) in an initial 100 ll reaction volume with increasing concentrations of GsCaM (0.4 to 200 nM), in the presence (100 nM) or absence of the GsCBRLK peptide. The dissociation constant (K d ) of GsCaM from the peptide was calculated by the following equation (EricksonViitanen and DeGrado, 1987) :
where [Pt] is the total concentration of peptide added, and [CaM] and K are the concentrations of GsCaM required to obtain halfmaximal activation of PDE in the presence or absence of peptide, respectively.
Subcellular localization of GsCBRLK protein
To obtain a GsCBRLK:GFP fusion for expression in tobacco cells, the GsCBRLK gene was amplified with primer pair (5#-AGATCT-CATGAAGAAAACACCAGC-3# and 5#-ACTAGTCAGATCCA-CCATAGCAGATAC-3#) and cloned into the BglII/SpeI-digested pCAMBIA1302 to generate pCAMBIA1302-GsCBRLK:GFP, in which the GsCBRLK coding sequence was fused in-frame to the 5# end of the green fluorescent protein (GFP). The plasmids pCAM-BIA1302 and pCAMBIA1302-GsCBRLK:GFP were introduced into A. tumefaciens strain EHA105. The intact leaves of 4-week-old N. Reverse: CTGGACCTGCCTCATCATACTC benthamiana plants were infiltrated with A. tumefaciens harbouring pCAMBIA1302 and pCAMBIA1302-GsCBRLK:GFP, respectively (Kapila et al., 1997) . Localization of fluorescent proteins in the leaves was observed at 488 nm using a confocal laser-scanning microscope (SP5; Leica, Germany) 3 d after infiltration.
Phosphorylation assays
The kinase assay was performed using a method previously described by Schulze-Muth et al. (1996) , with the following modification. The GsCBRLK autophosphorylation assay was carried out in a 15 ll reaction mixture containing 500 nM of purified GsCBRLK, 25 mM HEPES (pH 7.5), 0.5 mM DTT, 10 mM MgCl 2 , 20 lM ATP, 5l Ci of [c-32 P] ATP (5000 Ci mmol À1 ) with 1 mM CaCl 2 or 1 mM CaCl 2 /10 lM CaM or 5 mM EGTA at 30°C for 60 min. A similar method was used for the substrate phosphorylation assay with the addition of 2 lg of MBP (Sigma). The reactions were analysed by SDS-PAGE and the gel was exposed to X-ray film at -80°C.
Transformation of Arabidopsis
The coding regions of GsCBRLK were amplified from pET32b-GsCBRLK (described above) to generate HIS 6 -fused-GsCBRLK with the primer pair (5#-GGCCATTACGGCCATATGCAC-3#) and (5#-GGCCGAGGCGGCCCCAAGGGG-3#). The sequence was inserted into the SfiI-digested binary vector pBHT-5 (Yang et al., 2008) under the control of separate CaMV35S promoters with nptII as the selectable marker. The construct was introduced into Agrobacterium tumefaciens strain LBA4404 and transgenic Arabidopsis plants were generated by Agrobacterium tumefaciensmediated transformation (Clough and Bent, 1998) . Transformants were selected on 0.53 MS medium containing 50 lg ml À1 kanamycin, and homozygous transformants were used in all analyses.
Phenotypic analysis of transgenic Arabidopsis plants
For the germination, fresh weight, leaf opening, and greening assays, seeds from WT and T 4 generation transgenic Arabidopsis were surfaced-sterilized as described by Ardie et al. (2009) , and then were sown on 0.53 MS agar medium with 1% (w/v) sucrose, and 0.8% (w/v) agar (supplemented with none or 125 mM NaCl or 0.8 lM ABA, respectively).
For the root length assay, seeds from WT and T 4 generation transgenic Arabidopsis were germinated on 0.53 MS agar medium for 7 d, followed by transfer to fresh medium (in the absence or presence of 175 mM NaCl or 50 lM ABA, respectively) for vertical growth for 12 d before root length was measured and photography.
The salt tolerance assay was performed with 3-week old plants grown in soil in a growth chamber. Plants were then irrigated with 300 mM NaCl solution every 3 d, and were subsequently monitored for stress symptoms, by assessing chlorophyll content for the following 2 week period. The total chlorophyll content was determined spectrophotometrically according to the method described by Arnon (1949) .
All experiments were repeated at least three times, and the results from one representative experiment are shown. The numerical data were subjected to statistical analyses using EXCEL 2007 (Microsoft, http://www.microsoft.com) and SPSS statistical software 13.0 (SPSS Inc., http://www.spss.com).
Results

Isolation and sequence analysis of the gene GsCBRLK
Up-regulated ESTs annotated as a putative kinase as a result of more than one stress treatment are listed in Table 2 .
Among these, one EST (BG044348), a salinity-up-regulated EST with high homology (74% Identities) to Medicago sativa calcium/calmodulin-regulated receptor-like kinase (AY563141) was chosen for further analysis because of the important roles of calcium/calmodulin in signal transduction.
The full-length cDNA of BG044348 was obtained by 5# RACE and it was designated as GsCBRLK (GenBankä accession no. GQ501043). As shown in Fig. 1A , the GsCBRLK protein has 11 subdomains within the highlyconserved kinase catalytic domain (KD, residues 137 to 407) (Hanks and Hunter, 1995; Yang et al., 2004) . The KD includes the protein kinase ATP-binding region I and a Ser/ Thr kinase active site signature (IIHRDIKASNILI, residues 253-265). Similar to other Ser/Thr kinases, GsCBRLK subdomain VI contains a Lys residue in the DIKASN motif (259-264), and subdomain VIII contains a G-T/S-XX-Y/F-X-APE motif (Hardie, 1999) . A conserved Thr residue between the DFG and APE conserved motifs was identified. Phosphorylation of this motif has been reported to activate many other protein kinases (Johnson et al., 1996) . Other than the conserved kinase domain, GsCBRLK also contains a CaMBD inside the subdomain II of the KD, similar to Medicago sativa calcium/calmodulin-regulated receptor-like kinase (Yang et al., 2004) , and a consensus plant Nmyristoylation motif [MGXXXS/T(K)] (Boisson et al., 2003) . Protein N-myristoylation is the covalent attachment of myristic acid to the N-terminal Gly residue of a nascent polypeptide that suggests potential membrane localization (Johnson et al., 1994) .
Phylogenetic analysis was performed using MEGA 4.0 (Kumar et al., 2008) , based on the amino acid sequence of GsCBRLK and other CaMKs to decipher the exact relationship between GsCBRLK and other CaMKs. The results show that GsCBRLK is closely related to the alfalfa calcium/ calmodulin-dependent protein kinases CRCK (Fig. 1B) .
Expression of GsCBRLK genes are induced by multiple abiotic stresses
RT-PCR analysis was carried out to investigate the expression patterns of the GsCBRLK gene under stress. Figure 2 showed the tissue-specific GsCBRLK expression pattern under different abiotic stresses. Under cold treatment, obviously increased transcripts of GsCBRLK were detected in both leaves and roots at 0.5 h after treatment. In leaves, the transcripts reached a maximum level at 6 h. In roots, however, reduced transcript levels were observed at 1 h and 3 h. For NaCl response, GsCBRLK transcripts in leaf tissues reached peak levels after 3 h treatment. In roots, the transcripts followed a more complex pattern as illustrated in Fig. 2 . After application of exogenous ABA, the GsCBRLK transcript in leaves strongly increased at 0.5 h, then maintained the increased levels afterwards compared with the control. In roots, GsCBRLK was down-regulated to reach the lowest level at 1 h and then increased at 3 h. For drought stress induced by using 30% PEG, the transcripts were highly up-regulated and reached the highest level at 6 h and 0.5 h in leaves and roots, respectively.
These results demonstrate that GsCBRLK is involved in cold, salt, ABA, drought, and possibly other osmotic stress signalling pathways, and might serve as a master regulator in the plant abiotic stress response. The tissue-specific expression pattern of GsCBRLK in leaves and roots probably indicates the existence of different regulatory mechanisms in these two tissue types.
Characterization of the GsCBRLK CaMBD
A comparison of reported CaMBDs shows that the amino acid residues in the CaMBDs are not conserved, but a secondary structure including a basic amphiphilic a-helix whose hydrophobic residues are segregated from hydrophilic residues along the helix formed (O'Neil and DeGrado, 1990; Arazi et al., 1995; Rhoads and Friedber, 1997; Yang and Poovaiah, 2000) . A helical wheel projection of the peptide sequences predicted that the amino acids 147-169 around subdomain II, rich in basic and hydrophobic residues, can potentially form an a-helix with a hydrophobic face and a basic hydrophilic face (Fig. 3A) . In particular, the hydrophobic residue Val 159 , which is embedded in a context of basic residues Lys 160 and Arg
161
, is a common feature in known CaM targets (Yang and Poovaiah, 2000) .
To assess whether this peptide has the ability to bind to CaM, expression constructs bearing full-length and partial sequences of GsCBRLK protein were generated to produce HIS 6 -fusion proteins in E. coli as depicted in Fig. 3B . Using the CaM-binding assay, it was found that two recombinant proteins containing the putative CaMBD (GsCBRLK and GK2) interacted with the GsCaM::HRP conjugate while the HIS 6 -fusion proteins lacking the predicted CaMBD (GK1and GK3) did not. Moreover, CaM bound to the predicted CaMBD only in the presence of 1 mM CaCl 2 . After adding 5 mM EGTA, a calcium chelator, no CaM binding was observed (Fig. 3C) . Western blot analysis using the anti-HIS 6 antibody was performed to confirm the identity of GsCBRLK (Fig. 3C) . These results indicated that the CaM-binding property of GsCBRLK is Ca 2+ -dependent, and the CaM-binding site is located at amino acids 147-169 in GsCBRLK. Most interestingly, the CaMbinding site is located near subdomain II of the kinase domain, which contains a conserved lysine residue (Lys 160 ) for ATP binding (Hanks and Quinn, 1991) .
In vivo interaction between CBRLK and CaM in yeast cells
A yeast two-hybrid assay system (Fields and Song, 1989 ) was adopted to examine whether GsCaM and GsCBRLK interact in vivo. As shown in Fig. 3E , both GsCBRLK-BD/CaM-ADtransformed cells and GK2-BD/CaM-AD-transformed cells turned blue simultaneously after approximately 3 h, indicating that the CaM protein forms stable complexes both with GsCBRLK and GK2 in vivo. Whereas, neither GK1-BD/CaM-AD-transformed cells nor GK3-BD/CaM-AD-transformed cells exhibited any b-galactosidase activity (Fig. 3E ).
Binding affinity of the CaM-peptide complex
To analyse further the binding affinity of CaM to the 23-amino acid sequence of GsCBRLK from Tyr147 to Asn169, a peptide corresponding to this region was synthesized and used for a CaM mobility shift assay on non-denaturing polyacrylamide gels (Arazi et al., 1995) . As shown in Fig. 3F , the 23-mer peptide is capable of forming a stable complex with CaM in the presence of Ca 2+ and was undetectable in the presence of EGTA. This result is consistent with data from a previous CaM overlay assay under similar Ca 2+ and EGTA conditions. Without adding the peptide, a single free CaM band was observed. After increasing concentrations of the synthetic peptide were added, the amount of peptide-CaM complex increased. Only the region around the conserved kinase domain is shown. Sequences were aligned using ClustalW (Thompson et al., 1994) , and gaps were introduced to maximize alignment. The CaM-binding region in CRCK1 is marked as a dotted line; the subdomains of the catalytic domain are marked as a solid line. The GenBankä accession numbers are as follows: alfalfa CRCK, AY563141; Arabidopsis CRCK1, AY568379; CRCK2, At4g00330; CRCK3, At2g11520. (B) The phylogenetic relationships between GsCBRLK and other CaMKs. A phylogenetic tree was constructed using MEGA 4.0. Sequences and phylogenic data are as follows: alfalfa CRCK, AY563141; Arabidopsis CRCK1, AY568379; MCK1, AAB47181; MCK2, AAG01179; AtCK, AAC69927; AtCRK2, AAD38059; OsCDPK5, AAF23901; SK5, AAB00806; ZmCDPK, ACO72987; apple CaMK, CAA86286; lily CCaMK, AY155462; NtCCaMK, AF145592; w55a, ABD37622.
When the ratio of peptide to CaM was equal, all CaM was shifted. No free CaM was detected, as the molar ratio of peptide/CaM was 1.5. These observations indicate that the peptide binds to Ca 2+ /CaM with a 1:1 stoichiometry. The binding affinity of the synthetic peptide to CaM was analysed further by a competition assay with PDE, a known Ca 2+ /CaM-dependent enzyme. To determine the K d values of the peptide for activation of PDE by CaM, the CaMmediated, dose-dependent activation of PDE was monitored with increasing doses of CaM in the presence (100 nM) or absence of the peptide. The activation curves was shifted to the right in the presence of the peptide, indicating that competition for CaM binding between PDE and the peptide had occurred (Fig. 3G) . The concentrations of CaM needed to achieve half-maximal PDE activity was 3.2 nM in the absence of peptides, whereas 14.2 nM (an approximately 4.5-fold difference) in its presence. The K d value of the peptide for the activation of PDE by GsCaM was determined to be 25.9 nM.
GsCBRLK protein targets to plasma membrane of plant cells
To investigate the subcellular localization of the GsCBRLK protein, the GsCBRLK coding sequence was fused in-frame to the 5' end of the mGFP5 (Fig. 4A) and introduced into N. benthamiana leaf cells through agroinfiltration. An examination of leaf tissues expressing fluorescent protein by confocal laser scanning microscopy showed that cells expressing GFP alone exhibited signal around the nucleus and in the cytosol, whereas the GsCBRLK-GFP fusion protein was observed solely in the plasma membrane (Fig. 4B) . The reason for these results may be the presence of a consensus plant N-myristoylation motif [MGXXXS/ T(K)], which is implicated in membrane localization in a previous study (Johnson et al., 1994) .
CaM up-regulates the GsCBRLK kinase activity
To examine whether GsCBRLK is a functional kinase, the HIS 6 -fused GsCBRLK was overexpressed in E. coli and purified by the ProBond Purification System (Invitrogen). To test which divalent cations are cofactors for GsCBRLK, the autophosphorylation of GsCBRLK was analysed in the presence of 10 mM Mn 2+ , Mg 2+ , and Ca 2+ , respectively. It was found that Mn 2+ did not activate GsCBRLK autophosphorylation while Mg 2+ only had a weak effect, and strong activity was observed in the presence of Ca 2+ (Fig. 5A ). As shown in Fig. 5B , autophosphorylated and substrate phosphorylation occurred in the presence of Ca 2+ . However, no detectable phosphorylation was observed in the presence of EGTA, indicating the activation of GsCBRLK is Ca 2+ dependent. To study further the role of Ca 2+ /CaM in regulating the kinase activity, GsCBRLK was subjected to autophosphorylation and substrate phosphorylation in the presence of CaM. It was observed that increasing concentrations of CaM enhanced both autophosphorylation and substrate phosphorylation (Fig. 5B) , suggesting that Ca 2+ /CaM positively regulates the kinase activity. To examine whether CaM directly stimulates the kinase, the synthetic peptide corresponding to the CaM-binding site (amino acids 147-169) was added to the assay mixture in the presence of CaM. A decreased kinase activity was observed, suggesting that CaM directly interacts with amino acids residue 147-169 to improve its activity (Fig. 5C ). Taken together, these observations demonstrated that the GsCBRLK kinase activity is Ca 2+ dependent and is possibly up-regulated through the direct interaction between CaMBD and CaM. Fig. 2 . Time-course expression pattern of the GsCBRLK gene in Glycine soja after exposure to various abiotic stresses. Total RNA was extracted from leaves and roots of Glycine soja seedlings treated with cold (4°C), 200 mM NaCl, 100 lM ABA and 30% PEG at the indicated time points, respectively. The actin gene was used as the control to normalize the amount of template. Expression levels of GsCBRLK were detected by RT-PCR and expressed as the densitometric ratio relative to the control samples (actin). The experiment was repeated three times. All values are the mean (6SE) for three independent experiments; error bars indicate the SE. Overexpression of GsCBRLK in Arabidopsis enhances plant tolerance to salinity and ABA To characterize the function of GsCBRLK further, Arabidopsis transgenic plants were generated which over-expressed the GsCBRLK gene under the control of the strong constitutive CaMV35S promoter (Fig. 6A) . Two independent T 4 generation transgenic lines were identified by DNA gel blot (Fig. 6B ) and semi-quantitative RT-PCR (Fig. 6C) . These results showed that each of these two lines expressed GsCBRLK in plants.
Under standard culture conditions, there was no noticeable difference in the germination of two T 4 generation transgenic lines (no. 6 and no. 9) over-expressing GsCBRLK compared with WT. However, in the presence of 125 mM NaCl or 0.8 lM ABA, the germination of seeds from the two GsCBRLK over-expressing lines was more successful than that observed for the WT seeds (Fig. 6D) . In addition, all of the over-expressor lines grew faster than WT under salt stress (Fig. 6E) . Quantification of fresh weight (FW) at 15 d after germination demonstrated that the two over-expressing seedlings exhibited significantly greater FW than WT (Fig. 6F) . The same condition was observed in the leaf opening/greening assay by exposure to 0.8 lM ABA for 12 d and more opening/greening leaves were exhibited in the two over-expressing seedlings (Fig. 6G) .
and yellow (zero hydrophobicity) with the amount of green decreasing proportionally to the hydrophobicity. Hydrophilic residues are colour-coded red, with pure red being the most hydrophilic (uncharged) residue, and the amount of red decreasing proportionally to the hydrophilicity. The potentially charged residues are in light blue. (B) Schematic representation of GsCBRLK serial HIS 6 -fusion deletion fragments (GsCBRLK, GK1, GK2, and GK3). Numbers refer to amino acid residues at the boundary of each construct, and CaM-binding ability to the fragments is shown in the right-hand column (+ binds CaM; -does not bind CaM). (C) CaM-binding analysis. The GsCBRLK constructs were expressed in E. coli and the recombinant proteins were analysed by Coomassie Brilliant Blue staining and Western blotting with an anti-HIS antibody (first panel) or HRP-labelled CaM in the presence of Ca 2+ (CaCl 2 , second panel) or absence of Ca 2+ (EGTA, last panel). (D) A schematic representation of constructs used for yeast two-hybrid analysis, including pGADT7-GsCaM and pGBKT7-GsCBRLK/GK1/GK2/GK3. (E) In vivo interaction assay between full-length, deletion GsCBRLK, and GsCaM in yeast cells. pGBKT7-AtDREB1A/pGADT7 was used as a positive control and pGBKT7/pGADT7, or pGBKT7/pGADT7-GsCaM, or pGBKT7-GsCBRLK/pGADT7 were used as negative controls. (F) Gel mobility shift assay. The CaM-binding activity of a synthetic peptide spanning the GsCBRLK CaMBD was analysed by a gel mobility shift assay. GsCaM was mixed with the peptide at an increasing molar ratio (peptide/CaM molar ratios are indicated) in the presence of 0.1 mM CaCl 2 (upper panel) or 2 mM EGTA (lower panel). Samples were separated by non-denaturing PAGE and stained with Coomassie Brilliant Blue. (G) Peptide inhibition of CaM-stimulated PDE activity. PDE activity was measured in the presence of varying concentrations of GsCaM, either in the presence or absence of a fixed concentration (100 nM) of synthetic GsCBRLK CaMBD peptide. All values shown are the mean (6SE) for three independent experiments; error bars indicate the SE. To test the effect of GsCBRLK over-expression on salt and ABA stresses at the seedling stage, a root growth assay was conducted to measure the physiological change between the transgenic and WT seedlings. As shown in Fig. 7A , the growth of primary roots was significantly inhibited in the WT plants compared with that of GsCBRLK overexpressor lines when grown vertically under NaCl and ABA treatment. Statistical analysis of the measurements confirmed that root lengths of the GsCBRLK transgenic lines were dramatically higher than those of WT plants under stress conditions (Fig. 7B) .
Similarly, when 3-week-old soil-grown plants were irrigated with 300 mM NaCl for 2 weeks, the transgenic plants displayed greater salt stress tolerance than WT plants (Fig. 8A) . Without NaCl treatment, there was almost no difference in growth and total chlorophyll content among the WT and two transgenic plants. However, previous studies showed that salt stress inhibits chlorophyll accumulation (Abdelkader et al., 2007; Chen et al., 2009) . After exposure to 300 mM NaCl stress, the total chlorophyll content decreased in both the transgenic and WT plants, while the extent of this decline in transgenic plants was less than that observed for WT plants (Fig. 8B) . These results indicated that overexpression of the GsCBRLK gene reduced the effects of high salt stress on chlorophyll formation and enhanced the salt tolerance of transgenic plants.
The GsCBRLK over-expressor presents altered ABA and stress-induced gene expression
To evaluate the role of GsCBRLK in salinity and ABA responses, the expression of the following known salt stress/ ABA-related marker genes was analysed in WT and transgenic line (no. 9) over-expressing GsCBRLK following NaCl exposure or exogenous ABA application: RD29A (Yamaguchi- Shinozaki and Shinozaki, 1994) , RD22 (Yamaguchi- Shinozaki and Shinozaki, 1993) , KIN1 (Kurkela and Franck, 1990) , COR15A (Baker et al., 1994) , and NCED3 (Barrero et al., 2006) . Semi-quantitative RT-PCR analyses were performed using specific primers and the results show that the expression of these genes were induced by NaCl or ABA stress in the WT and transgenic plant with similar kinetics. However, the fold-induction of the expression of these genes in the GsCBRLK-over-expressed plant was substantially higher than in WT plants after salt and ABA stress (Fig. 9) . Thus, GsCBRLK might have a closer relationship with RD29A, RD22, KIN1, COR15A, and NCED3 in the defence network of the plant.
Discussion
Plant Ca 2+ /CaM-dependent protein kinases play crucial roles in signal perception, amplifying and transduction under abiotic and biotic stress. Red light down-regulates the expression of ZmCCaMK, suggesting that it is involved in the light-dependent signal transduction pathway (Pandey and Sopory, 2001) . Previous studies also demonstrated that cold and salt stress up-regulate the expression of pea PsCCaMK and NtCaMK1 (Pandey et al., 2002; Zhang and Lu, 2003) . The expression level of CRCK1 mRNA and proteins were both up-regulated under salt, H 2 O 2 , cold and ABA treatments, suggesting that this kinase participates in the transduction of cold, salt, and possibly other stress signals related to osmotic and oxidative stress (Yang et al., 2004) . Interestingly, over-expression of AtCBK3 resulted in plants with increased basal thermotolerance, indicating that AtCBK3 is an important component of the heat-shock signal transduction pathway (Liu et al., 2008) .
A novel plant-specific CaM-binding protein kinase, namely, GsCBRLK, from Glycine soja is described here. This protein has a conserved kinase catalytic domain and a calmodulin-binding domain. It is noteworthy that the CaMbinding site in GsCBRLK is located around subdomain II of the kinase domain, which contains a conserved lysine residue (here Lys 160 ) for ATP binding (Fig. 1) . This finding was confirmed by two different CaM-binding analyses. Firstly, deletion mapping using a CaM::HRP overlay assay revealed that fragments containing amino acids residues from 147-169 were sufficient for its interaction with CaM and the CaM-kinase interaction is calcium dependent (Fig. 3C) . Secondly, in vivo interaction between CaM and GsCBRLK was confirmed using the yeast two hybrid assay (Fig. 3E) . Furthermore, the Ca 2+ /CaM-binding affinity is relatively high (K d ¼25.9 nM) (Fig. 3G) . Autophosphorylation is thought to be an intramolecular regulatory mechanism of CaMKs for initiating kinase activity (Pandey and Sopory, 2001; Sathyanarayanan and Poovaiah, 2002) . It was shown that GsCBRLK autophosphorylation and substrate phosphorylation occur in the presence of Ca
2+
, and the kinase activity of GsCBRLK is stimulated upon Ca 2+ /CaM binding to the CaM-binding region (Fig. 5) . By contrast, Ca 2+ did not stimulate AtCK autophosphorylation (Jeong et al., 2007) and CRCK1 is autophosphorylated in the presence of Mg 2+ instead of Ca 2+ (Yang et al., 2004) . Further molecular and biochemical studies are needed in order to elucidate fully the action mode of Ca 2+ /CaM modulated CBRLK activity. Myristoylation is an irreversible post-translational modification that plays a pivotal role in stabilizing protein conformation and their interactions with membrane or the hydrophobic domains of other proteins (Zheng et al., 1993; Resh, 1999; Olsen and Kaarsholm, 2000) . Furthermore, Nmyristoylation is considered to be crucial in plant signal transduction in response to environmental stress and disease resistance function (Podell and Grinskov, 2004; Abuqamar et al., 2008) . The catalytic domain of GsCBRLK contains one potential N-myristoylation site, which may be the reason for its cell-membrane location (Fig. 4) , and salt and ABA stress tolerance and further analyses are needed.
GsCBRLK is regulated by cold, drought, salt stresses, and the hormonal molecule ABA (Fig. 2) . There are at least two independent signal transduction pathways in plants under abiotic stresses: ABA-independent and ABA-dependent signal transduction cascades (Shinozaki and Yamaguchi-Shinozaki, 1996; Bray, 1997) . Expression pattern analysis indicated that GsCBRLK is possibly involved in an ABA-dependent signal transduction pathway. It is demonstrated that over-expression of GsCBRLK in transgenic plants allowed better development than that in WT under salinity and ABA stress (Figs 6, 7, 8) . It is well established that salt stress is able to induce ABA biosynthesis and trigger ABA-dependent signalling pathways (Zhu, 2002) . Therefore, GsCBRLK possibly enhances plant salinity tolerance in an ABA-dependent manner. To investigate this possibility, the expression of marker genes (RD29A, RD22, KIN1, COR15A, and NCED3) was monitored in WT and transgenic plants over-expressing GsCBRLK under normal conditions and after exposure to NaCl and ABA stress. It was found that these genes were all up-regulated in WT and transgenic plants, but with a higher level in transgenic plants than in WT plants in response to salt stress and ABA application (Fig. 9 ) and these may be the reason for the increased resistance to salt and ABA in transgenic plants. It is likely that GsCBRLK responds to environmental or hormonal signals in two ways: by increasing the protein expression level, and by stimulating its kinase activity through the Ca 2+ /CaM complex in response to the oscillations of [Ca 2+ ] cyt triggered by the environmental stimulus. Interestingly, plants possess various CaM genes encoding for different isozymes (Reddy, 2001; Snedden and Fromm, 2001; Yang and Poovaiah, 2003) , and different CaM isoforms differ in their ability to bind and activate known CaM-regulated enzymes in vitro (Lee et al.,1999 (Lee et al., , 2000 Choi et al., 2002; Yoo et al., 2005) . It will be interesting to investigate whether GsCBRLK can be activated by all CaM isoforms or only by specific isoforms in Glycine soja. Further investigations also include the identification of the GsCBRLK substrates, and the characterization of their roles in stress signalling pathways. This research also contributes to understanding the complex picture of ABA and Ca 2+ /CaM-mediated signalling systems underlying plant stress responses.
